The common production methods of nanocellulosic (cellulosic nanofibrils, CNF) materials from wood are being reviewed, together with large scale applications and particularly papermaking applications. The high energy demand for producing CNF has been one particular problem, which has been addressed over the years and can now be considered solved. Another problem was the clogging of homogenizers/microfluidizers, and the different routes to decrease the energy demand. The clogging tendency, related to the flocculation tendency of fibres is discussed in some detail. The most common methods to decrease the energy demand are TEMPO-oxidation, carboxymethylation and mechanical/enzymatic pre-treatments in the order of increased energy demand for delamination. The rheology characteristics of CNF materials, i.e. the high shear viscosity, shear thinning and the thixotropic properties are being illuminated.
Introduction
The annual global production of cellulose has been estimated to 7.5×10 10 tonnes 1)
, which corresponds to 3×10 10 tonnes annual production of carbon. In order to provide a climate change perspective this can be compared with the total annual carbon emission from fossil materials, which amounts to 9×10 10 tonnes. 
Production of CNF materials from wood fibres
The manufacture of CNF materials goes back to the developments at ITT Rayonier in the late 1970s, but these researchers 9, 10) and researchers at the then STFI (now Innventia) 11) concluded that the energy consumption was very high. Early studies 11) at STFI in Stockholm, Sweden (now Innventia) estimated the energy consumption to around 30,000
kWh/tonne using a sulphite pulp. Later other investigators determined that between 12,000-70,000 kWh/tonne 12, 13) was required to make CNF from kraft pulps. The discrepancy between the different numbers is likely due to the fact that at the time of these investigations, there was no good definition for what constitutes a CNF material.
Another major problem related to the manufacturing of CNF was the clogging of homogenizers/ microfluidizers already at low fibre consistencies.
These two factors became major impediments for commercialisation of CNF at that time.
Interestingly, the original investigators at ITT-Rayonier found early that hydrophilic polymers such as cellulose derivatives and gums facilitated the mechanical delamination process, which can be traced down to the fact that such additives can decrease the flocculation of fibres, which is the primary factor responsible for clogging. Nevertheless, ITT-Rayonier abandoned further efforts in the CNF area. Their patent portfolio, see listings in e.g. Lindström et al. 7) constitutes, however, an interesting pool of information, concentrated not only to food additives but also on various aspects of the manufacturing process.
There are several different routes to decrease the high energy consumption and alleviate the clogging tendency in CNF manufacturing:
A. Electrostatically induced swelling by subjecting pulps to oxidative pre-treatments or grafting procedures, or simply producing a pulp with a high amount of charged groups. In this category TEMPO-oxidation and carboxymethylation are the most used procedures by research investigators.
B. Mild acid-or enzymatic hydrolysis.
C. The use of stabilizers (deflocculants) as envisaged by the original investigators.
When dealing with delamination procedures based on pulps with a high charge content (route A) it is important to maximize the swelling of the pulps by having the charged groups in their ionized form (having monovalent counter-ions). Hydrolysis (route B) is employed as a mean to decrease the cell wall integrity of fibres, but may be detrimental to the strength properties of CNF materials if the hydrolysis is driven to sufficiently low degrees of polymerization of the fibres. In order to avoid flocculation (route C), the concept of crowding factor 14) is useful:
In the relation (Eq. In this context it is noted that the same beneficial effects can be achieved by the physical grafting of polyelectrolyte chains (viz. carboxymethyl cellulose (CMC)) onto fibres. 16, 17) The carboxymethylation process (as a method to speed up refining) was discovered many years ago. 18) It is interesting to note that carboxymethylation process is employed commercially today for the production of CMC.
The use of TEMPO-oxidation by using 2,2,6,6,-tetramethylpiperidine-1-oxyl (4-H-TEM-PO) radicals before a mild mechanical treatment in blenders offers a unique way to delaminate fibres and make CNF. 19) There are many publications on the use of 4-H-TEMPO to make CNF. 4-H-TEM-PO is a water-soluble radical that can be used for
Tom Lindström · Ali Naderi · Anna Wiberg the selective oxidation the primary C-6 hydroxyl groups of cellulose. [20] [21] [22] The most widely publicized procedure to make CNF is the TEMPO/NaBr/NaClO system under slight alkaline conditions. Under such conditions, the aldehyde intermediates formed by oxidation can undergo beta-elimination reactions, which reduces the degree of polymerization of cellulose. But this degradation can be largely avoided today. 23) Furthermore, TEMPO derivative nanofibrils with a high degree of polymerization can, however, be produced by using a 4-acetamido-TEMPO derivative, nanofibrils with a high degree of polymerization can be produced.
24)
An enzymatic pre-treatment using endoglucanases together with pre-refining before communition has been found to have a beneficial effects to reduce the energy consumption to make CNF. 25, 26) Usually, the pulp is first pre-refined to enhance the accessibility of the fibre cell wall Mechanical delamination of fibres can be achieved by an array of methodologies. Nanofibrillated cellulose (CNF) was for example produced by high pressure homogenizers. 9, 10) The two delamination methodologies to make CNF that occur frequently in the literature are high-pressure homogenizers and the so called microfluidizers. 17, 27) There are also other occurring methodologies, for example super grinding [28] [29] [30] , a type of refiner grinding, where wood fibres are forced through a gap between a rotary and a stationary discs.
Cryo-crushing followed by disintegration and fibrillation has also been mentioned in the literature. 
13)
3. Large scale application areas of CNF: exemplified
Rheology characteristics of CNF materials
The potency of NFC as rheological modifiers was recognized already by the original inventors of the material. 9, 36, 37) This property can be ascribed to the rich rheological behaviour of the material.
The complexity of the rheological properties arises from by the earlier mentioned highly anisotropic nature (aspect ratio ＞ 100) of the nanofibrils, which severely restricts the rotational and translational motion perpendicular to the axis of the nanofibrils, at much lower concentrations (＜ 0.1% (w/w)) 38,39) than observed for many spherically shaped particles (＜ 1% (w/w)). 40) http://papernet.se/news/innventia-inaugurated-expanded-pilot-plant/
Large Scale Applications of Nanocellulosic Materials -A Comprehensive Review
Concentrated NFC systems are characterized by very high shear viscosities and display high shear thinning at increasing shearing 10) (Fig. 1a) .
Furthermore, the materials display thixotropy 41, 42) ( Fig. 1b) . The rheological properties can be attractive in several industrial applications, but can also be a major impediment for the processing and application of the materials. The high viscosity that can be achieved at minute CNF amounts is advantageous in food applications for texturing purposes. 43) The shear thinning and thixotropy properties are highly advantageous in e.g. coating applications 44) , which require the combination of several conflicting properties: an easy application, followed by an excellent surface coverage and levelling of the coating, which must not subsequently change. The properties are equally advantageous for concrete applications, in which the CNF component of the formulation arrests the concrete so that it can retain its form while solidifying. 45) Today, modification of the rheology of food, coating and concrete formulations is achieved by large amounts of natural polymers and costly synthetic polymers, respectively.
Cowie et al. 8) have estimated the global consumption of nanocellulose as rheological modifiers in paint applications alone to be in the order of 200 thousand metric tonnes. However, it should be pointed out that the successful application of nanocelluloses requires the ability to control the rheology of the systems, which is currently not possible. 46) Since, even though the rapid increase of the viscosity with the dry content of e.g. CNF is desirable (as described above), it also hinders the effective transportation of the material in piping;
this is a major reason for the current production 
Concrete applications
There are publications that deal with the advantageous employment of CNF in concrete applications. For example, the patent application 45) of the Finish company UPM makes use of the networking ability of CNF to modify the rheological properties of concrete formulations. Other publications 48, 49) reports of the strengthening of concrete composites with the use of nanocelluloses, which is proposed to occur by the ability of the high aspect ratio nanomaterials to bridge the micro cracks, and the networking ability of the same which leads to the dissipation of applied loads. On the other hand, Cao et al. 50) have related the strengthening effect to the effective hydration of the entire cement composition by nanocelluloses. This occurs thanks to highly hydrated structure and the small size of the nanomaterial, which leads to the effectively channelling of water to the inner parts of the ce- Today, to the best of the knowledge of the authors there exist no appropriate route for the effective dispersion of CNF in the furnish, which also combines economy and simplicity.
The negative effects of CNF on drainage 55) and on press dewatering have been the subject of particular attention in the literature 56, 57) , even though it has been claimed that papers containing CNF are easily dewatered using a single-nip shoe-press. 58) It is noted that the effects of CNF additions on paper properties have been reviewed 59, 60) and a representative sample of investigations have been collected in Table 1 . ; the sheet strength data are given both for freely dried and sheets dried under restraint).
Finally, it is interesting to note that CNF materials also impose a strong effect on drying shrinkage 64) resulting in a high strain to failure for freely dried papers.
It is noted that Cowie et al. 8) have estimated the potential market for CNF in P&W and packaging materials to be around 1 million tonne.
CNF films and coatings in relation to paper applications
Films and coatings on paper and board are applied primarily in order to improve the printability. on the strength properties of freely and restrained dried paper sheets made from bleached softwood kraft pulp (unpublished results).
starches or proteins. However, it is pointed out that none of these coating operations target the gas or oil/fat barrier properties of paper/board.
Oil/fat barrier papers can be obtained by heavily beaten stocks together with chemical additives in so-called greaseproof papers, but such papers do not form a gas barrier for the paper/board. CNF materials do, however, show excellent gas barrier properties and mechanical integrity -provided that they are sufficiently delaminated.
The most effective communition technologies to obtain high-quality films are various homogenizers, as they can remove residual fibre fragments, which are difficult to remove using common papermaking refining technologies. It was early found [71] [72] [73] that CNF materials had very low oxygen permeability. It is noted that the potential market to replace plastic packaging has been estimated by Cowie et al. 8) to be around 4 million tonnes.
Plastic packaging
Plastic packaging comprising plastic bags, bot- 
Automotive body components
Environmental concerns accompanied by governmental directives are the driving forces behind the development of fuel efficient vehicles and the replacement of their non-sustainable (e.g. fossil-based) components. A possible way to reach the requirements is by using composites, in which nanocellulosic materials can be a key component;
acting by similar strengthening mechanisms as in cement applications. 85, 86) According to Cowie et al. 8) , a 20% employment of nanocellulose-based composites, which according to the authors is a highly conservative estimation, leads to the global annual consumption of 4 million metric tonnes of nanocellulosic materials.
Outlook
It is important to realize that any market projec- 
